Mutations in transcription factor RUNX1 are associated with familial platelet disorder, thrombocytopenia, and predisposition to leukemia. We have described a patient with thrombocytopenia and impaired agonistinduced platelet aggregation, secretion, and glycoprotein (GP) IIb-IIIa activation, associated with a RUNX1 mutation. Platelet myosin light chain (MLC) phosphorylation and transcript levels of its gene MYL9 were decreased. Myosin IIA and MLC phosphorylation are important in platelet responses to activation and regulate thrombopoiesis by a negative regulatory effect on premature proplatelet formation. We addressed the hypothesis that MYL9 is a transcriptional target of RUNX1. Chromatin immunoprecipitation (ChIP) using megakaryocytic cells revealed RUNX1 binding to MYL9 promoter region ؊729/؊542 basepairs (bp), which contains 4 RUNX1 sites. Electrophoretic mobility shift assay showed RUNX1 binding to each site. In transient ChIP assay, mutation of these sites abolished binding of RUNX1 to MYL9 promoter construct. In reporter gene assays, deletion of each RUNX1 site reduced activity. MYL9 expression was inhibited by RUNX1 short interfering RNA (siRNA) and enhanced by RUNX1 overexpression. RUNX1 siRNA decreased cell spreading on collagen and fibrinogen. Our results constitute the first evidence that the MYL9 gene is a direct target of RUNX1 and provide a mechanism for decreased platelet MYL9 expression, MLC phosphorylation, thrombocytopenia, and platelet dysfunction associated with RUNX1 mutations. (Blood. 2010;116(26): 6037-6045)
Introduction
Transcription factor RUNX1 (also called core binding factor A2 [CBFA2] and acute myeloid leukemia-1 [AML-1]) plays an important role in hematopoiesis. [1] [2] [3] RUNX1 is critical for embryonic definitive hematopoiesis and maintenance of adult hematopoiesis. 4, 5 It is required for megakaryocytic maturation and in lymphocyte differentiation. 6 RUNX1 protein binds to consensus sequence TGt/cGGT or ACCa/gCA to regulate various genes related to hematopoiesis. 7, 8 In humans, germline heterozygous mutations in RUNX1 are associated with a familial platelet disorder, moderate thrombocytopenia, and propensity to develop myeloid malignancy. [9] [10] [11] RUNX1 mutations have been identified in several pedigrees, including missense, frameshift, and nonsense mutations, and a large intragenic deletion. 9, 10, [12] [13] [14] [15] Most of the mutations have occurred in the conserved RUNT homology domain leading to the loss of DNA binding. 10, 16 We have previously reported studies in a patient with inherited thrombocytopenia, impaired platelet aggregation, and secretion responses associated with diminished agonist induced myosin light chain (MLC) phosphorylation. 17 This patient has a heterozygous mutation in RUNX1 characterized by a single nucleotide mutation between intron 3 and exon 4, at the splice acceptor site for exon 4 , that generates a frameshift and premature termination in the RUNT domain. 12, 17 Subsequent studies using platelet expression profiling on this patient showed a striking down-regulation of MLC gene MYL9 by approximately 77-fold, but not of other MLC genes (MRCL3, MRCL2, and MYL5) or in MLC kinase. 18 Additional platelet abnormalities reported in our patient were diminished GPIIb-IIIa activation, impaired pleckstrin phosphorylation, and decreased platelet protein kinase C-and platelet factor 4. 12, 17, 19 Myosins are a diverse superfamily of actin-dependent molecular motors consisting of distinct structural and functional classes and are implicated in cell shape, migration, adhesion, intracellular transport of organelles, signal transduction, and tumor suppression. 20, 21 Megakaryocytes (MKs) contain abundant amounts of myosin IIA (gene MYH9), the only member of myosin-II family in MKs. 22 Conventional myosin II-complexes are hexamers consisting of 2 heavy chains, 2 regulatory MLCs, and 2 essential light chains. 20 The activity of myosin IIA is regulated by reversible phosphorylation of specific amino acids in the regulatory MLC. 20 Phosphorylation of MLC is a critical step in its role in platelet responses to activation, and the best-characterized signaling pathways for MLC phosphorylation are through the Ca 2ϩ /calmodulindependent MLC kinase 23 and the Ca 2ϩ -independent Rho/Rhoassociated coiled-coil-forming kinase (ROCK) [24] [25] [26] and myosin phosphatase. 27 Myosin light chain phosphorylation plays an important role in platelet function, including in regulating shape change and secretion upon activation. Platelet shape change results from a rapid reorganization of the cytoskeleton, including formation of new actin filaments, actomyosin polymerization through MLC phosphorylation, and centralization of granules. [28] [29] [30] [31] Inhibition of MLC phosphorylation results in decreased secretion. [32] [33] [34] Megakaryocytes release platelets by using cytoplasmic extensions called proplatelets; this process requires extensive reorganization in the microtubules and actin filaments. Microtubular protein myosin IIA is a major player in proplatelet extension and platelet release. [35] [36] [37] Proplatelet formation (PPF) is paradoxically enhanced in MKs derived from embryonic stem cells deficient in myosin heavy chain (MYH9 Ϫ / Ϫ ), causing premature release of platelets. 35 This has been proposed as a mechanism for the thrombocytopenia in May-Hegglin syndrome and related disorders associated with mutations in MYH9. 20, 35, 36 Moreover, inhibition of Rho/ROCK in MKs leads to a decrease in MLC phosphorylation and myosin contractility, and increases proplatelet formation, indicating that ROCK influences PPF through regulation of MLC. 36 Despite the important role of MLC in platelet function and production, very little is known regarding its gene transcriptional regulation. Based on the decreased platelet expression of MLC gene MYL9 and the impaired MLC phosphorylation in our patient with a RUNX1 mutation, we hypothesized that MYL9 is a direct transcriptional target of RUNX1. The present studies provide evidence for this. These findings not only advance a cogent mechanism for the impaired MLC-phosphorylation in our patient, but also provide a mechanism for the thrombocytopenia and platelet dysfunction associated with RUNX1 mutations.
Methods

Patient information
We have previously described 12,17 the clinical presentation and detailed studies in this 24-year-old white male, documenting decreased platelet aggregation, secretion, activation of GPIIb-IIIa, pleckstrin and MLC phosphorylation, and PKC-level. The patient has a single point mutation in intron 3 at the splice acceptor site for exon 4 leading to a frameshift with premature termination in the conserved Runt homology domain of RUNX1. 12 Platelet expression profiling studies in this patient showed 18 decreased expression of MYL9 (by 77-fold compared with normal platelets) and other genes. This study was approved by the Temple University Institutional Review Board.
Cell culture
Human erythroleukemia (HEL) cells were grown in RPMI-1640 medium (Mediatech) supplemented with 10% fetal bovine serum (Biomeda) and 1% of antibiotics (penicillin and streptomycin). To induce megakaryocytic transformation, HEL cells were grown in the presence of 10nM phorbol 12-myristate 13-acetate (PMA) for 24 hours, unless indicated otherwise. 38 
ChIP assay
Chromatin immunoprecipitation (ChIP) assays were performed on HEL cells (1 ϫ 10 8 ) induced with PMA for 24 hours and then crosslinked by adding formaldehyde (final concentration 1%). After 10 minutes, crosslinks were quenched with glycine at a final concentration of 0.125 M and washed twice with phosphate-buffered saline (PBS). Lysis and shearing of chromatin to 150-500 bp fragments was performed using ChIP-It kit (Active Motif). Chromatin samples were immunoprecipitated with anti-RUNX1 antibody (sc-8564x, Santa Cruz Biotechnology Inc). Immunoprecipitated samples were analyzed by polymerase chain reaction (PCR) using primers for the MYL9 promoter region Ϫ729/Ϫ542 (forward primer, Ϫ729/Ϫ710 5Ј-CCGATAAGCAGTGGGGAGTG-3Ј and reverse primer, Ϫ542/Ϫ561 5Ј-TCCTGCATTCCTGCCGTTCC-3Ј), and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Amplification was performed using Go Taq Green Master Mix (Promega) with one cycle at 94°C for 1 minute followed by 35 cycles of 94°C for 1 minute, 62°C for 1 minute, and 72°C for 1 minute. Amplified products were analyzed by agarose gel electrophoresis.
Construction of luciferase reporter plasmids
The human MYL9 promoter region (Ϫ691/ϩ4) was generated by standard PCR methods using Go Taq green master mix (Promega), with human genomic DNA as a template. It was subcloned between the Xho1 and HindIII recognition sites of pGL3-Basic (Promega). The primer sequences of wild-type (Wt) construct were: forward at Ϫ691/Ϫ672, 5Ј-aaactcgag CAGGATCAGTCTGTGACCAC-3Ј, and reverse at ϩ4/Ϫ15 5Ј-cagaagctt ACATCTTGGCTTCTGGTGGG-3Ј (lower cases indicate flanking sequences). Mutant constructs were generated by deleting nucleotides (underlined) from each RUNX1 site (in bold) in the forward primer, but the reverse primer was identical to all constructs. The primer sequences were -691/-662, 5Ј-aaactcgagCAGGATCAGTCTGTGACCACTCACCACT-GG-3Ј (Mut-1), -691/-657 5Ј-aaactcgagCAGGATCAGTCTGTGACCACTC-ACCACTGGGGGGC-3Ј (Mut-2), -691/-632 5Ј-aaactcgagCAGGATCAGTCT-GTGACCACTCACCACTGGGGGGCTGGTCAAGCTCCCTGAGGTGG-ACAG 3Ј (Mut-3), and -691/-593 5Ј-aaactcgagCAGGATCAGTCTGTGAC-CACTCACCACTGGGGGGCTGGTCAAGCTCCCTGAGGTGGACAGG-CGGGGGTTTGACTGCCCAGAGCCTCCTAGACCTCAGGC-3Ј (Mut-4).A truncated construct with no RUNX1 sites was generated using forward primer Ϫ591/Ϫ573, 5Ј-aaactcgagGGGCAGCAGAGGGATGGAG-3Ј and a common reverse primer described above. PCR products were confirmed by DNA sequencing on the ABI Prism 377 (Applied Biosystems).
Transient ChIP assay
Transient ChIP Assay was performed as described by Lavrrar et al 39 with slight modifications. HEL cells were transiently transfected with luciferase-reporter constructs containing either Wt MYL9 promoter region Ϫ691/ϩ4 or the same promoter region with mutations in the individual RUNX1 binding sites. This was followed by ChIP analysis using anti-RUNX1 antibodies. HEL cells (10 7 ) were transfected with 3 g of the promoter-reporter construct using a Genfect transfection agent (KD Medical, Inc). After 5 hours, cells were transferred to medium containing PMA (concentration of 10nM). After 24 hours, cells were cross-linked with formaldehyde, then analyzed with the ChIP-It kit. The resulting chromatin samples were immunoprecipitated with anti-RUNX1 antibody. Immunoprecipitated samples were analyzed by PCR with a forward primer in a downstream portion of the MYL9 promoter at Ϫ140/Ϫ107 (5Ј-ATCCGT-GGGCAGCCTTGAATG-3Ј) and a reverse primer in luciferase vector backbone (GL primer 2 from Promega). In addition, as a control, samples were analyzed by PCR using both forward and reverse primers specific for the endogenous MYL9 promoter region Ϫ729/Ϫ542 and for GAPDH, as described in the previous paragraph.
Electrophoretic mobility shift assay
Nuclear proteins from PMA-induced HEL cells were prepared by the method of Dignam et al, 40 and protein was estimated using the Bio-Rad protein assay reagent. MYL9 promoter region Ϫ729/Ϫ542 has 4 RUNX1 consensus sites. Double-stranded oligonucleotide probes encompassing these sites were labeled with T4 polynucleotide kinase (Promega) and [␥ 32 ] ATP (PerkinElmer). For the competition experiments, the 200-fold excessive cold double-strand oligos were added with the labeled probe. The sequences of oligonucleotide probes with RUNX1 sites (in bold) and their mutants with deletions (underlined) were as follows: Wt probe (-680/-662) containing RUNX1 site I and site II separated by a single nucleotide (5Ј-TGTGACCACTCACCACTGGGG-3Ј) and its deletion mutants with one site mutated (5Ј-TGTGACCACTCACCACTGGGG-3Ј) and (5Ј-TGTGACCACTCACCACTGGGG-3Ј); Wt probe (-652/-632 containing RUNX1 site III (5Ј-CAAGCTCCCTGAGGTGGACAG-3Ј) and its mutant (5Ј-CAAGCTCCC TCGAGGTGGACAG-5Ј); and Wt probe (-609/-589) containing RUNX1 site IV (5Ј -CTCCTAGAACCTCAGGCGGG-3Ј) and its mutant (5Ј-CTCCTAGAACCTCAGGCGGG-3Ј). Five micrograms of the nuclear extract were incubated on ice for 30 minutes with labeled probes. For the supershift experiments, anti-RUNX1 antibody (sc-8563x, Santa Cruz Biotechnology) was preincubated with nuclear proteins on ice for 30 minutes before the addition of the probe. The reaction mixture was loaded onto 8% polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer and resolved by electrophoresis. Gels were dried and visualized by autoradiography.
Binding studies were also performed using recombinant RUNX1 protein (200 ng) (TP323854, OriGene Technologies Inc) and MYL9 Wt probes labeled with infrared dye 700 (LI-COR Biosciences). Binding reaction was performed on ice for 1 hour in a low-ionic-strength buffer containing 0.6mM HEPES (pH 8.0), 1mM dithiothreitol (DTT), 0.01% triton X-100, and 2% glycerol, along with 5 g/L of bovine serum albumin and 100mM NaCl. Unlabeled identical probes were used in competition studies. For supershift studies, anti-RUNX1 antibodies (sc-8564x; Santa Cruz Biotechnology Inc) or nonspecific IgG (Santa Cruz Biotechnology Inc) was preincubated for 30 minutes on ice with purified RUNX1 protein before the addition of a labeled probe. The reaction mixture was loaded onto 5% TBE readymade gels (Bio-Rad) and resolved by electrophoresis. Gels were visualized on Odyssey Infrared Imaging System (LI-COR Biosciences).
Luciferase reporter assays
HEL cells (2 ϫ 10 6 cells) were cotransfected with MYL9-reporter construct (5 g) and pRL-TK (0.1 g), containing Renilla luciferase gene at a ratio of 50:1 using Genfect transfection reagent. An empty vector, pGL3-Basic, was transfected as a control vector. After incubation for 3 to 4 hours at 37°C in 5% CO 2 , cells were transferred to a medium containing phorbol 12-myristate 13-acetate (PMA; concentration of 10nM). After 24 hours, cells were lysed and luciferase activity was measured with a Dual Luciferase Assay System (Promega). Promoter activity was expressed as firefly luciferase activity/Renilla luciferase activity relative to that of the empty vector. All transfection experiments were performed 3 to 4 times in triplicate.
Effect of overexpression of RUNX1 on MYL9
To study the effect of overexpression of RUNX1 on MYL9 gene, HEL cells (1 ϫ 10 6 ) were cotransfected with equal amounts (1 g each) of Wt or mutant MYL9 reporter construct along with RUNX1expression plasmid, RUNX1-pCMV6-XL4 (SC106348, OriGene Technologies Inc), or empty expression vector (pCMV6-XL4), using transfection agent Turbofectin 8.0 (OriGene Technologies Inc). Renilla luciferase reporter plasmid was used as an internal standard and transfections were performed as described above. Cells were lysed after 48 hours and assayed for luciferase activities. To see the effect on endogenous RUNX1 and MLC in overexpression studies, HEL cell lysates were subjected to immunoblotting using antibodies against RUNX1 (sc-8563; Santa Cruz Biotechnology Inc), actin (sc-1616R; Santa Cruz Biotechnology Inc), and MLC (3672; Cell Signaling Technology).
Effect of siRNA-mediated knockdown of RUNX1
Ribonucleic acids siRNA against RUNX1 and unrelated mock siRNA were purchased from Santa Cruz Biotechnology Inc. The RUNX1 siRNA used was a pool of 3 target-specific 19-25 nucleotide siRNAs designed to knock down gene expression. For transfection, 400nM siRNA were dissolved in 100 L of Optimem media (Invitrogen). In another tube, transfection media was dissolved in 100 L of Optimem media. The 2 mixtures were then combined and incubated for 45 minutes at room temperature. The mixture was added to 5 ϫ 10 5 HEL cells resuspended in 400 L of serum-free media, plated in a 24-well plate and incubated for 5 hours at 37°C. After transfection, 2ϫ fetal bovine serum medium containing 50nM PMA was added to the wells. On the following day, the 2ϫ medium was replaced with regular medium containing 50nM PMA. Cells were harvested at 48 hours. The protein concentrations were determined by Micro BCA Protein Assay Reagent kit (Pierce), and the effect of gene silencing by RUNX1 siRNA was examined by immunoblot analysis using antibodies against RUNX1, MLC, and ␤-actin antibodies (Santa Cruz Biotechnology Inc).
Cell-spreading assays and microscopy
Green fluorescent protein (GFP)-cotransfected and siRNA-cotransfected HEL cells were seeded from suspension onto glass coverslips coated with 50 g/mL of collagen I or 100 g/mL of human fibrinogen for 120 minutes and assayed for cell spreading as described. 41 Briefly, adherent cells were fixed in 3.7% formaldehyde and permeablized with 0.1% Triton X-100, and cellular actin was labeled with 5 g/mL of rhodaminephalloidin (Invitrogen) for 30 minutes. Cells were mounted on slides with ProLong Gold mounting medium (Invitrogen), and coverslips were imaged with a Plan Fluor 40ϫ oil immersion lens (n.a. ϭ 1.3) on a Nikon E800 microscope fitted with a SPOT charge-coupled device camera (Diagnostic Instruments). The area of GFP-positive cells was measured using ImageJ software Version 1.38x (National Institutes of Health).
Bioinformatics
Potential binding sites for transcription factors were analyzed using the computer program TFSEARCH (available at http://mbs.cbrc.jp/research/ db/TFSEARCH.html).
Results
Binding of RUNX1 to MYL9 promoter by ChIP TFSEARCH on MYL9 promoter fragment (up to approximately 1000 bp) revealed 4 RUNX1 consensus sites within a roughly 100-bp narrow region: at Ϫ676/Ϫ671 (site I); Ϫ669/Ϫ664 (site II); Ϫ643/Ϫ638 (site III); and Ϫ601/Ϫ595 (site IV; Figure 1A ). We performed immunoprecipitations on chromatin samples from HEL cells using an anti-RUNX1 antibody to identify an endogenous interaction between RUNX1 and the MYL9 gene. We amplified by PCR the MYL9 region Ϫ729/Ϫ542 that encompasses all 4 RUNX1 sites. The MYL9 fragment was enriched by RUNX1 antibody but not by control IgG ( Figure 1B ). These studies indicate that RUNX1 binds to MYL9 promoter region in vivo.
RUNX1 binding to sites I (؊676/؊671) and II (؊669/؊664) by EMSA
Site I and site II are separated by a single nucleotide. Electrophoretic mobility shift assay (EMSA) was performed using HEL cell extracts and Wt oligo with both sites I and II, mutant-I oligo with mutation in site I, and mutant-II oligo with mutation in site II (Figure 2A ). Protein binding occurred with Wt oligo ( Figure 2B , lanes 2 and 5). This was substantially reduced but not absent with mutant I and mutant II oligos (lanes 3 and 4, respectively), indicating the involvement of sites I and II in the binding. Protein binding to Wt oligo was impeded by competition with excess unlabeled oligo (lane 6), but was not altered by competition with nonspecific oligo (lane 7). To examine the involvement of RUNX1 in the protein complex, a supershift experiment with RUNX1 antibody was performed ( Figure 2C ). Binding to Wt oligo (lane 1) was abolished by competition with RUNX1 antibody (lane 2), indicating that RUNX1 is involved in the protein-DNA complex. Involvement of site I and site II in protein binding to the Wt oligo was further assessed by competition studies using oligos with site I or site II mutations ( Figure 2C ). Binding to Wt oligo (lane 8) was affected by competition with increasing amounts of unlabeled probes with mutations in site I (lanes 7 to 3) or site II (lanes 9 to 13), suggesting that both sites I and II are involved in the observed RUNX1 binding. 
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Binding studies with purified recombinant RUNX1
To provide further evidence of RUNX1 binding to MYL9 we performed studies using recombinant RUNX1 protein (Figure 4) . Figure 4B ) and site IV ( Figure 4C ) also showed evidence of RUNX1 binding. In each case, specific protein binding was observed that was supershifted by RUNX1 antibody but not by nonspecific IgG. In studies with probes containing site IV, a nonspecific band was observed with the probe alone (lane 1) that was not present when bovine serum albumin was omitted from the reaction mixture. The prominent DNA protein complex observed in the presence of RUNX1 protein (lane 2) was abolished by excess unlabeled probe (lane 3) and supershifted by anti-RUNX1 antibody (arrow), but not by IgG. These studies indicate that RUNX1 binds to all 4 sites.
Transient-ChIP analysis on Wt and Mt MYL9 promoter
To further investigate RUNX1 recruitment to MYL9 promoter in vivo, the promoter region Ϫ691/ϩ4 bp bearing the 4 sites and the same region with individual mutated RUNX1 sites were cloned into luciferase reporter vector ( Figure 5 ). HEL cells were transfected individually with either the Wt or mutant-luciferase vector and ChIP was performed with anti-RUNX1 antibody. The immunoprecipitated samples were subjected to PCR using a primer set (shown by arrows in Figure 5 ) where the forward primer corresponded to the MYL9 promoter (Ϫ140/Ϫ107) and the reverse primer was specific to the luciferase vector backbone gene as described in "Transient ChIP assay." This PCR amplification would reflect RUNX1 binding to the luciferase reporter vectors with Wt or mutant promoter. MYL9-luciferase plasmid fragment was enriched and amplified in the anti-RUNX1 antibody-precipitated DNA from cells transfected with Wt construct, but not from cells transfected with any of the mutant constructs ( Figure 5A ). This indicates that disruption of any of the 4 sites prevented RUNX1 recruitment to the promoter region and, importantly, that all 4 sites interact with each other in the observed RUNX1 binding. As a control, endogenous native MYL9 fragment Ϫ729/Ϫ542 encompassing all 4 RUNX1 sites was also amplified in parallel from chromatin precipitated from cells transfected with the Wt or mutant constructs. The primers used were specific to endogenous MYL9 promoter and the same as previously used in the ChIP experiments shown in Figure 1B . These showed, as expected, enrichment in cells transfected with Wt and Mt constructs ( Figure 5B ). No amplification was noted with respect to GAPDH ( Figure 5C lane 2) .
Luciferase-reporter studies on MYL9 promoter
The role of RUNX1 in regulating MYL9 promoter was tested by luciferase reporter assays using Wt and Mt constructs ( Figure 6 ). Wt construct with all 4 RUNX1 sites showed approximately 14-fold activity. Mutations in individual RUNX1 sites resulted in marked reduction in activity. A truncated construct (Ϫ591/ϩ4) carrying no RUNX1 sites also showed markedly reduced activity ( Figure 6 ).
Enhancement of MYL9 protein expression and promoter activity by RUNX1 overexpression
Immunoblot analysis of HEL cells transfected with RUNX1-pCMV6 expression plasmid showed overexpression of RUNX1 with an increase in MLC ( Figure 7A ). The promoter activity of the Wt MYL9 construct containing all 4 RUNX1 sites was markedly enhanced by RUNX1 overexpression; no increase was noted with mutations in individual RUNX1 sites ( Figure 7A ). These results are consistent with the conclusion that all 4 RUNX1 sites are involved in the regulation of MYL9 in megakaryocytic cells.
Inhibition of MYL9 and cell spreading by RUNX1 siRNA
We investigated MYL9 knockdown by RUNX1 siRNA. HEL cells were transfected with either a control nonsilencing siRNA or RUNX1 siRNA. Western blot analyses showed that both RUNX1 and MLC protein were decreased by RUNX1 siRNA ( Figure 7B) . Because of the role of myosins and MLC in cell spreading and cytoskeletal reorganization 20, 21, 36 and to obtain evidence of a functional effect, we studied cell spreading on collagen and fibrinogen. The siRNA knockdown of RUNX1 led to decreased cell spreading on collagen and fibrinogen, and loss of the cortical actin that was observed in control cells ( Figure 7B ). This is attributable to an effect on MYL9, but a concomitant effect on other cytoskeletal genes also regulated by RUNX1 18 cannot be ruled out.
Discussion
RUNX1 is a major hematopoietic transcription factor whose haplodeficiency is associated with familial thrombocytopenia, platelet dysfunction, and a predisposition to leukemia. 9, 10 The major novel finding in our studies is the evidence that RUNX1 regulates MYL9 expression in megakaryocytic cells. We have shown that RUNX1 binds to MYL9 promoter region Ϫ729/Ϫ542 in vivo ( Figure 1 ) and that it binds to each of the 4 consensus sites in this region (Figures 2-3 ). In addition, we have shown that recombinant RUNX1 binds to the RUNX1 consensus sites in this region (Figure 4) . In vivo assay using transient-ChIP analysis revealed that these 4 RUNX1 sites are involved in RUNX1 recruitment to MYL9 promoter ( Figure 5 ). Mutation of any of the sites disrupted RUNX1 binding to the promoter, which suggests that they interact with each other ( Figure 5 ). In reporter gene expression studies, mutation of each RUNX1 site caused reduction in the promoter activity ( Figure 6 ). Overexpression of RUNX1 induced an increase in RUNX1 and MLC protein levels, and 2) and of increasing amounts of unlabeled mutant probes I (lanes 7 to 3) and II (lanes 9 to 13) on protein binding to Wt oligo (Ϫ680/Ϫ660 bp). lane 1, protein binding to Wt probe; lane 2, loss of binding with anti-RUNX1 antibody. Lane 8 shows binding to Wt probe. Lanes 7 to 3, competition with increasing amounts of site I mutant probe; lanes 9-13, competition with increasing amounts of site II mutant probe. There is decreasing protein binding to Wt probe with increasing amount of either mutant I or mutant II probe, indicating that both sites are involved in protein binding to DNA.
markedly enhanced MYL9 promoter activity, which was abolished by mutation in RUNX1 sites ( Figure 7A ). RUNX1 siRNA inhibited MLC protein expression in HEL cells ( Figure 7B) , associated with decreased cell spreading on collagen and fibrinogen, and loss of cortical actin ( Figure 7B ). Together with our previously reported findings of decreased MLC transcript levels 12 and diminished MLC-phosphorylation in our patient platelets, 17 these findings indicate that MYL9 is regulated at the transcriptional level by RUNX1, and this is altered in RUNX1 haplodeficiency.
One of the major hallmarks of RUNX1 haplodeficiency is thrombocytopenia. The evidence that RUNX1 regulates MYL9 has direct and important relevance to this aspect. In platelets the myosin II complexes are made up of 2 heavy chains (MYH-IIA), each of which is associated with a myosin regulatory light chain. Phosphorylated MLC regulates the actin-dependent myosin motor activity. 20 Both MLC and phosphorylated MLC increase during MK differentiation. 36 Megakaryocytes extend long cytoplasmic projections (proplatelets) and generate nascent platelets at the proplatelet tips, involving actin and microtubule cytoskeletons as well as myosin. Multiple lines of evidence indicate myosin II is a major player in platelet production and that the Rho-ROCKmyosin II-MLC axis in megakaryocytes is a negative regulator of proplatelet formation, a role essential to the orderly temporal and spatial processes leading to the production and release of normal platelets. [35] [36] [37] The overall model culminating from these studies is that the myosin II-Rho-ROCK pathway restricts the premature proplatelet formation from maturing MK and thereby prevents release of structurally, functionally, or structurally and functionally aberrant platelets. This inhibitory effect involving myosin is critical, as shown by the studies in the May-Hegglin anomaly and related disorders with mutations in myosin heavy chain IIA coded by MYH9; the observed thrombocytopenia and abnormally increased platelet size in these patients are attributed to the enhanced PPF and premature platelet release. 35, 36, 42 Moreover, interaction of MK with type I collagen suppresses PPF, and this is abolished by a myosin IIA antagonist. 37 MLC and its phosphorylation also play a regulatory role in PPF 36 ; inhibition of MLC phosphorylation using inhibitors of Rho, ROCK, and myosin light chain kinase (MLCK) increases proplatelet formation. 36 We have previously documented 12, 17 that platelets from our patient with a RUNX1 mutation have decreased expression of MYL9 and that agonist-induced platelet MLC-phosphorylation is impaired. We now show that MYL9 is regulated by RUNX1. It is likely that the loss of negative regulation of PPF applies to RUNX1 mutations via the decreased expression of regulatory MLC; this would explain the consistent thrombocytopenia in such patients. Our studies show also that cell interaction with collagen is impaired with down-regulation of RUNX1 and MLC (Figure 7 ). This finding becomes relevant to the pathogenesis of thrombocytopenia because collagen suppresses premature PPF formation, an effect mediated by myosin IIA. 36, 37 Thus, we propose that in RUNX1 haplodeficiency one mechanism for thrombocytopenia is the loss of the critical negative modulating effect of myosin on PPF arising from decreased expression of the regulatory MLC, as contrasted to the defect in myosin heavy chain in MYH9 syndromes. While this is an important mechanism, it may not be the complete story in RUNX1 mutations because the primary deficiency is in a transcription factor, a mechanism that may alter expression of other genes as well. While MK maturation appears to be normal in the monogenic MYH9-related disorders, 35, 42 there is an evidence that megakaryopoiesis is abnormal in RUNX1 haplodeficiency, 9 and in one report platelets had decreased Mpl expression. 15 A second feature observed in patients with RUNX1 mutations is impaired platelet function. Several studies have documented abnormal platelet aggregation and secretion 10, 17, 43 responses in these patients. In our patient, aggregation, dense granule secretion, and activation of GPIIb-IIIa were impaired in response to activation with several agonists; moreover, phosphorylation of MLC and pleckstrin was decreased. 17 We have shown that platelet PKC-is decreased, 12 and that this enzyme is regulated by RUNX1. 44 Our current studies provide a mechanism in our patient for the decreased expression of MYL9 12 and the previously observed decreased MLC phosphorylation, which we attribute to diminished levels of MLC. 17 Aside from regulating platelet production, MLC phosphorylation plays an important role in several platelet function responses, including shape change and secretion. [28] [29] [30] [31] [32] [33] [34] It is likely that MLC phosphorylation defect contributes also to the altered platelet responses observed in patients with RUNX1 mutations. Thus, the functional defect in these patients sites I-IV individually mutated (filled boxes) as shown. ChIP was performed on these cells using anti-RUNX1 antibody or control IgG. PCR was performed using primers (shown by arrows), where the forward primer was specific to the MYL9 region (Ϫ140/Ϫ107) and the reverse primer was specific to the luciferase gene (Panel A; MYL9-luciferase plasmid). As a control, PCR was performed using a second set of primers (not shown) where both primers were specific to the endogenous MYL9 sequence (Panel B; endogenous MYL9). In addition, GAPDH was amplified (C). Each panel shows PCR products obtained from amplification of IgG-or anti-RUNX1 antibody-immunoprecipitated samples, and of input DNA. For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From is complex, arising from multiple mechanisms mediated by alterations in distinct gene products regulated by RUNX1 in megakaryocytes/ platelets. We have shown that these proteins include 12-lipoxygenase, 45 PKC-, 44 and PF4. 19 Promoters of several genes regulated by RUNX1 have multiple consensus sites for RUNX1 binding, [46] [47] [48] [49] including GPIIb 46 and ALOX-12 45 in megakaryocytic cells. RUNX1 proteins can stabilize their interaction with DNA either by homodimerizing in adjacent sites or heterodimerizing with other proteins binding to the DNA. 50 RUNX1 physically interacts with GATA-1 in megakaryocytic cells to enhance the expression of GPIIb 46 and enhances megakaryocytic induction. RUNX1 binding at multiple sites can modify promoter architecture and chromatin organization. 49 Our studies show 4 consensus sites for RUNX1 on the MYL9 proximal promoter that interact and are involved collectively in RUNX1 binding, as shown by the transient ChIP experiment (Figure 5 ), and these sites are functional in megakaryocytic cells ( Figure 6A ).
In summary, our studies reveal that MYL9 is regulated by transcription factor RUNX1 in megakaryocytes and platelets. RUNX1 dysregulation of MYL9 gene in megakaryocytes is an important aspect of the abnormal platelet production and function associated with human RUNX1 mutations. We propose that alterations in MLC (MYL9) are also associated with congenital thrombocytopenia, as has been reported with mutations in myosin heavy chain (MYH9). 35, 36, 42 The key finding that MYL9 expression was decreased in this patient came from studies using platelet expression profiling. 17 Our studies provide support to the concept that platelet expression profiling can yield hitherto unavailable new insights into molecular mechanisms in patients with platelet disorders. 
